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ORGANIC  SYNTHESIS  AND  INDUSTRIAL
ORGANIC  CHEMISTRY

The modern trend toward production of environ-
mentally friendly and biodegradable chemical goods 
leads to partial or complete replacement of traditional 
resources by renewable raw materials. Among such 
products, fatty acid methyl esters of vegetable oils (FA-
MEs) [1] and their epoxidized derivatives are of particu-
lar interest. These derivatives have already found use as 
plasticizers and stabilizers of polymer compounds, e.g., 
of those based on polyvinyl chloride (PVC) [2]. Perac-
ids in the presence of an acid catalyst are often used as 
epoxidizing agents [3–6]. The reaction also occurs with-
out catalyst [7].

The traditional process of epoxidation of vegetable 
oils and their FAMEs is based on using performic acid 
(PFA) prepared in situ in a two-phase system in which 
the aqueous phase contains hydrogen peroxide (HP) 
and formic acid (FA) and the organic phase contains 
unsaturated compounds [8, 9]. The main distinctive 
feature of such technology is the fact that the formation of 
epoxides is accompanied by an increase in the solubility 
in the organic phase of all the reactants initially present 
in the aqueous phase. This leads to changes in the 
phase ratio, which can affect the kinetics of the peracid 
formation and, correspondingly, the process as a whole. 

The decrease in the hydrophobicity of the organic phase 
in the course of the reaction corresponds to the concept 
of so-called “reactive extraction” [10, 11]. This effect 
is caused by the formation of stable clusters linked 
by strong hydrogen bonds [12]. The complex formed 
becomes a new active site in the organic phase, capable 
of aggregating other polar compounds, e.g., hydrogen 
peroxide, water, or formic acid, thus altering their 
concentrations in both phases [12].

The change in the solvating power of the organic 
phase in the course of the reaction negatively affects the 
epoxidation process parameters. For example, increased 
concentrations of water and acid in the organic phase 
make the process less selective because of epoxy ring 
opening [13]. In the industrial process, because of large 
heat release in the reaction (thermal effect –196 kJ per 
mole of hydrogen peroxide [14]), this effect is manifested 
in autoacceleration of the heat release, making it diffi cult 
to ensure stable operation of the reactors. Therefore, the 
use of this effect for optimizing the process in batch or 
continuous reactors or in a cascade of mixing reactors 
has become a subject of studies [15, 16].

This study was aimed at revealing the role of reactive 
extraction of the aqueous phase components with the 
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epoxy compounds formed and at fi nding relationships 
in variation of the phase ratio in a two-phase process of 
epoxidation of FAMEs of vegetable oil with performic 
acid formed in situ.

EXPERIMENTAL

Experiments were performed with fatty acid methyl 
esters of rapeseed, sunfl ower, and fl axseed oils, freshly 
distilled at reduced pressure (170–175°С at 30 Pa). The 
esters were chosen so as to evaluate how the content of 
double bonds infl uences the epoxidation process. Each 
of the chosen esters contained a maximal amount of 
one of unsaturated acids: oleic (С18/1), linoleic (С18/2), 
or linolenic (С18/3). The compositions of the fatty acid 
residues of FAMEs (wt %) were as follows: for rapeseed 
oil FAMEs, С16 5.8, С18/1 56.5, С18/2 29.7, and С18/3 6.1; 
for sunfl ower oil FAMEs, С16 6.5, С18/1 25.9, С18/2 56, 
and С18/3 1.4; for fl axseed oil FAMEs, С16 6, С18/1 28.3, 
С18/2 17.8, and С18/3 47.8.

Formic acid [85 wt %, pure grade, GOST (State 
Standard) 5848–73] and hydrogen peroxide (37 wt %, 
medical grade, GOST 177–88) were supplied by 
Khimmed.

Iodometric titration was performed using a 0.1 N 
aqueous sodium thiosulfate solution (fi xanal), potassium 
iodide (chemically pure grade, GOST 4232–77), and 
acetic acid, all supplied by Khimmed. Potentiometric 
analysis was performed by titration with an aqueous 
potassium hydroxide solution (0.18 N) using an ATP-
02 automatic potentiometric titrator (Akvilon, Russia). 
Potassium hydroxide (analytically pure grade, GOST 
24363–80) was supplied by Khimmed. The degree 
of epoxidation and the double bond content were 
determined with a Kristallyuks-4000 gas chromatograph 
(Khromatek, Russia). The samples of epoxidized 
FAMEs of vegetable oil were dried with a Heidolph 
rotary evaporator.

Epoxidation was performed in a 250-mL cylindrical 
glass reactor with a jacket, equipped with a refl ux 
condenser, a thermometer, and a dropping funnel, 
with magnetic stirring. The temperature in the course 
of the reaction was maintained constant with an 
accuracy of ±0.5°C using a water thermostat. The 
process temperature, 50°С, was chosen so as to ensure 
suffi ciently high epoxidation rate, on the one hand, and 
to reduce the probability of side processes of epoxy ring 
opening, on the other hand.

The reactor was charged with fatty acid methyl esters 
of rapeseed, sunfl ower, and fl axseed oils (0.433, 0.520, 
and 0.654 mol of double bonds per 100 g of esters, 
respectively), after which formic acid (10 g, 0.185 mol) 
was loaded with stirring, and the mixture was stirred 
until the preset temperature was attained. Then, a 37% 
aqueous hydrogen peroxide solution (0.23 mol in 20 g 
of solution) was added through a dropping funnel. The 
total amount of the aqueous phase loaded was 28 mL. 
At defi nite intervals, the reaction was stopped, and the 
mixture was discharged into a separating funnel, in 
which it was left for 15–20 min for phase separation 
and cooling. The phase separation was performed until 
the phase boundary became clear. After that, the phases 
were separated, and the reactant concentrations in both 
phases were determined.

To study the effect exerted by the reactive extraction 
of aqueous phase components into the organic phase 
(sunfl ower oil FAME), we prepared in separate 
experiments FAME samples with different degrees of 
epoxidation, following the above-described procedure. 
After the reaction completion, the organic phase was 
washed several times with distilled water until pH 
of the wash waters became equal to 5–6. Then, the 
residual water was distilled off from the organic layer 
with a rotary evaporator. After that, a new sample was 
epoxidized using the similar procedure. After the phase 
separation, the reactant concentrations in both phases 
were determined.

The concentrations of formic and performic acids 
were determined by potentiometric titration. The 
concentration of hydrogen peroxide was determined 
by the traditional iodometric titration method. The 
concentrations of double bonds and epoxy groups were 
determined by gas–liquid chromatography following 
the procedure described in [17].

Possible changes in the material balance were 
analyzed as follows. At defi nite time moments, we 
measured the volumes of the separated phases and 
analyzed them for the content of hydrogen peroxide, 
formic acid, and performic acid. We also determined the 
content of epoxy groups and double bonds in the organic 
phase. The densities of the phases were determined 
by weighing. In all the experiments, the gravimetric 
analysis of the phases was performed with the relative 
uncertainty of up to 1.0%, which allowed us to analyze 
the molar balance of available oxygen and total acidity 
for different phases in relation to the temperature 
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and kind of the raw material. The possible causes of 
deviations from the balance are process loss on reactor 
walls, partial evaporation of the aqueous phase, and 
partial decomposition of PFA and HP in the aqueous 
phase [9].

RESULTS  AND  DISCUSSION

Before studying kinetic relationships of the process 
and performing its mathematical modeling, it was 
necessary to ensure complete coverage of all the 

processes involved in the phase-transfer epoxidation, 
including both the main and side reactions. To this 
end, we fi rst checked the material balances (number 
of equivalents of protons, oxygen, and double bonds) 
with respect to the total amount of protons (from 
the acid and peracid), oxygen [O]Σ (incorporated 
in Н2О2, НСОООН, and epoxy group), and double 
bonds ([>=<]Σ0, sum of the running amount and amount 
consumed for epoxy group formation).

These balances were calculated using the formulas

[H+]Σ = ([HCOOH]w + [HCOOOH]w)Vw +([HCOOH]org + [HCOOOH]org)Vorg,                                 (1) 

[O]Σ = ([H2O2]w + [HCOOOH]w)Vw + ([H2O2]org + [HCOOOH]org + [epoxy])Vorg,                              (2)

[>=<]Σ0 = [>=<]i + [epoxy]Vorg,                                                                       (3)

where [H+]Σ is the total number of equivalents of protons 
(mmol); [O]Σ, total number of equivalents of Н2О2, per-
formic acid, and epoxy groups (mmol); ([>=<]Σ0), total 
number of equivalents of double bonds and epoxides 
(mmol); [>=<]i, running number of equivalents of dou-
ble bonds (mmol); Vw and Vorg, volumes of the aqueous 
and organic phases, respectively (mL); [epoxy], con-
centration of epoxy groups in the organic phase (M); 
[H2O2]w and [H2O2]org, concentrations of hydrogen 
peroxide (M) in the aqueous and organic phases, re-
spectively; [HCOOOH]w and [HCOOOH]org, concen-
trations of performic acid (M) in the aqueous and or-
ganic phases, respectively; [HCOOH]w and [HCOOH]
org, concentrations of formic acid (M) in the aqueous 
and organic phases, respectively.

When the reaction was performed up to approximately 
85% HP conversion, the total proton concentration in 
both phases, [Н+]Σ, in all the reactions was preserved. 
The total number of equivalents of double bonds and 
epoxides, [>=<]Σ0, was preserved also (see table). This 
fact means that the reaction selectivity with respect to 

double bonds. , is very high:

                 
(4)

The selectivity of formation of epoxy compounds 
via double bonds of fl axseed, sunfl ower, and rapeseed 
oil was 98–99%. However, the oxygen concentration, 

[О]Σ, decreased in the course of the reaction by 25–30% 
depending on the origin of the ester (see table).

A decrease in the total oxygen concentration, [О]Σ, 
in the course of the reaction is due to consumption of 
available oxygen in other reactions occurring concurrently 
with the epoxidation. Correlation between the numbers 
of equivalents of the epoxy groups formed and hydrogen 
peroxide consumed is more informative. The ratio of these 
quantities corresponds to the selectivity of epoxy group 
formation with respect to hydrogen peroxide, :

                  
(5)

For each FAME, the selectivity remains constant 
throughout the reaction. The selectivity

  somewhat decreases in the series of FAMEs obtained 
from lineseed (0.78 ± 0.02), sunfl ower (0.69 ± 0.04), and 
rapeseed (0.65 ± 0.02) oils (see table). High reliability 
of the linear correlations (R2 = 0.96–0.99) confi rms 
that the decomposition of peroxy compounds occurs 
concurrently with the epoxidation.

The revealed infl uence of the FAME structure on the 
ratio of the epoxidation and oxygen consumption rates is 
associated with different infl uence of the FAME structure 
on the rates of epoxidation and peroxy  compound de-
composition. The epoxidation rate increases with increas-
ing amount of double bonds [18], whereas the decompo-
sition rate of peroxy compounds remains constant.
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Thus, the result obtained demonstrates the occurrence 
of hydrogen peroxide or peracid decomposition along 
commonly known pathways.

High selectivity of formation of epoxy compounds 
from double bonds of FAMEs prepared from different 
oils, preserved in time, does not allow estimation of 
the contribution of another possible reaction, epoxy 
ring opening with water (or formic acid). In this case, 
one should expect deviation from the linear correlation 
because of the superposition of two processes: formation 
of epoxides and consumption of double bonds in FAME.

Volume and mass balance for aqueous and 
organic phases. It is known from the literature that the 
two-phase epoxidation is accompanied by a change in 

the volume ratio of the aqueous and organic phases. Our 
experience shows that, when the initial volume of the 
aqueous phase was small, only a single homogeneous 
phase was formed by the end of the reaction. Under the 
conditions of our experiments, the absolute volumes of 
the phases changed insignifi cantly, but relative changes 
were appreciable: The volumes of the aqueous and 
organic phases changed by more than 20 and by 5–6%, 
respectively. Because the amounts of aqueous phase 
components (FA, Н2О2, and Н2О) are comparable, it can 
be assumed that considerable loss of the more lyophilic 
component from the aqueous phase can lead to a 
signifi cant change in the reactant molar ratios. This fact 
should affect the kinetics of the peracid formation and, 

Material balance of epoxidation of FAMEs of vegetable oil at 50°C

Time, min [>=<], 
mmol

[epoxy]Vorg, 
mmol

([>=<] 
+ [epoxy]Vorg), 

mmol
Total acidity [H+]Σ, 

mmol [H2O2]i,a mmol Total oxygen [O]Σ, 
mmol

FAME of rapeseed oil

0 433.0 0 433.0 184.8 217.6 217.6

40 388.8 65.1 422.7 176.6 113.2 191.8

60 379.7 87.5 424.9 175.4 109.3 208.8

80 369.3 101.9 422.7 166.4 62.1 169.9

120 360.2 118.6 422.5 174.3 54.5 179.3

150 347.2 124.9 413.3 169.0 37.1 162.0

FAME of sunfl ower oil

0 512.2 0 512.2 184.9 217.6 217.6

20 479.8 32.4 512.2 184.6 147.7 193.3

35 449.9 59.5 509.3 186.6 143.2 193.3

60 433 73.5 506.5 175.6 96.2 176.1

80 412.5 90.5 503.0 184.7 79.4 175.3

130 382.6 120.2 502.8 167.1 41.0 165.2

FAME of fl axseed oil

0 648.5 0 648.5 186.2 217.6 217.6

20 596.8 38.1 634.9 181.6 187.6 220.0

40 566.9 67.1 634.0 181.4 116.3 191.7

60 556.2 77.2 633.3 178.5 116.2 199.8

100 505.5 123.6 629.1 182.1 66.5 195.5

150 489.9 138.9 628.8 173.8 43.5 184.0
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correspondingly, of the process as a whole. Apparently, 
changes in the phase ratios are due to formation of 
reaction products, primarily of epoxy groups, making 
the organic phase less hydrophobic. Therefore, it is 
also necessary to reveal relationships in variation of the 
phase volume ratio.

Because all the experimental data were obtained 
at unchanged epoxidation parameters, we often used 
the absolute values of the masses (or numbers of 
equivalents) of the reactants and of the phase volumes 
for convenience of interpretation of the experimental 
results in this step of their consideration.

As seen from Fig. 1, the organic phase volume Vorg 
increases with the progress of the reaction and formation 
of epoxy compounds. The aqueous phase volume Vw 
simultaneously decreases.

The correlations between the absolute values of Vorg 
or Vw and the number of equivalents of epoxy groups 
formed in the organic phase, [epoxy]Vorg, are linear with 
R2 = 0.7 and 0.8, respectively:

Vorg = 113.0 + (0.038 ± 0.003)[epoxy]Vorg (mL),       (6)

Vw = 25.0 – (0.031 ± 0.003)[epoxy]Vorg (mL).        (7)

The absolute term in these equations should corre-
spond to the initial phase volume. This is true for the or-
ganic phase, but for the aqueous phase the initial volume 
decreased by approximately 10%, from 28 to 25 mL. 
This difference may be due to partial solubility of for-
mic acid in FAME already at the moment of mixing the 
solutions. As will be shown below, the amount of formic 
acid that passed into the aqueous phase depends on the 
FAME structure insignifi cantly. The initial change in the 
organic phase volume is insignifi cant against the back-
ground of the measurement uncertainty.

The slopes of the Vorg–[epoxy] and Vw–[epoxy] 
correlations correspond to changes in the volume of each 
phase per unit of the epoxy compound formed (ΔVw and 
ΔVorg for the aqueous and organic phases, respectively). 
It should be noted that their numerical values appreciably 
differ from each other. As can be seen, the loss in the 
aqueous phase volume is smaller in the absolute value 
than the gain in the organic phase volume. This effect is 
not an artifact, because there is satisfactory (R2 = 0.7) 
linear correlation between changes in the volumes of 
both phases:

ΔVorg = (0.87 ± 0.08)ΔVw (mL).                  (8)

Expansion of the volume of the components 
coming to the organic phase from the aqueous phase is 
associated with different densities of the aqueous and 
organic phases. The density of the organic phase does 
not noticeably change in the course of the reaction 
(Fig. 1). However, the density of the aqueous phase 

Fig. 1. Variation of the (1) volumes Vw, Vorg and (2) weights 
mw, morg of the (a) organic and (b) aqueous phases in the 
course of epoxidation in relation to the number of equivalents 
of epoxy groups formed (epoxy) and (c) concomitant variation 
of the density ρ of (1) aqueous and (2) organic phases.
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out the simplifi ed interpretation of changes in the phase 
volume ratio upon epoxidation with the peracid formed 
in situ.

To determine the causes of this phenomenon more 
accurately, it was necessary to consider in detail the 
relationships of the redistribution of each reactant 
between the phases. Analysis of the aqueous phase 
before and after the reaction revealed the presence 
of FAMEs and their epoxidized derivatives in trace 
amounts. Apparently, the above-noted transfer of 
aqueous phase components into the organic phase is not 
restricted to the transfer of peroxide oxygen from the 
aqueous phase to the organic phase upon formation of 
epoxy groups. The concomitant change in the organic 
phase hydrophobicity also plays an important role.

CHANGE  IN  THE  ORGANIC  PHASE  
HYDROPHOBICITY

FA extraction. The above data demonstrate a 
complex pattern of the phase volume redistribution in 
the two-phase epoxidation reaction due to formation 
of epoxy compounds and their accumulation in the 
organic phase. Along with changes in the volumes of 
both phases, caused by the transfer of peroxide oxygen 
from the aqueous phase to the organic phase (in the form 
of oxygen atoms incorporated in epoxy groups), formic 
acid is also involved in the phase transfer, altering the 
phase volumes to a comparable extent.

As noted above, the phase redistribution of formic 
acid partially occurs already on mixing the solutions 
(Fig. 2, curve 2) owing to the presence of an ester group 
in FAMEs [19]. It is known that fatty acid esters such as, 
e.g., ethyl hexanoate effi ciently extract formic acid from 
aqueous solutions [20].

In addition, the amount of the initially extracted FA 
depends on the content of double bonds in FAME and 
increases in going from rapeseed to sunfl ower and then 
to fl axseed oil derivatives (Fig. 3). The differences in 
the distribution ratios of formic acid, DFA, for different 
esters are probably caused by the dependence of the 
FAME molecule polarity on the number of double 
bonds and by specifi c interactions of formic acid with π 
systems. The nature of interaction of formic acid with π 
systems of such compounds as acetylene or benzene is 
being actively studied now [21, 22]. This assumption is 
indirectly confi rmed by the fact that the order at which 
FAMEs are ranked with respect to the extracting ability 

Fig. 2. Changes in the reactant amounts (a) m and (b) Х in 
the organic phase in the course of epoxidation. (τ) Time. 
(1) Epoxide oxygen, (2) FA, (3) Н2О2, and (4) total 
weight gain.

(a)

(b)

m, g

m, g
X, mmol

τ, min

slightly decreases (from d4
20 = 1.08 to d4

20 = 1.03) owing 
to conversion of heavier hydrogen peroxide (d4

20 = 1.45) 
into water (d4

20 = 0.998). This fact, however, will not 
alter the relationship ΔVw > ΔVorg.

The changes in the phase volumes are undoubtedly 
infl uenced by the fact that peroxide oxygen incorporated 
in hydrogen peroxide (aqueous phase) passes into the 
organic phase upon formation of epoxy groups. Actually 
this is the phase transfer of a signifi cant amount of bound 
oxygen, causing changes in the volumes and densities 
of the phases. Under the conditions of our experiments, 
the amount of the initial oxygen in hydrogen peroxide 
was 3.47 g (~0.22 mol). Taking into account the loss 
of the total oxygen [О+]Σ (see table), the organic phase 
weight after the reaction completion should increase 
by approximately 2.4 g at the expense of oxygen in 
epoxy groups, or by 2.7 mL taking into account the 
organic phase density. However, the experimentally 
determined total weight gain of the organic phase was 
approximately 2 times larger, 5 g (Fig. 2), which rules 
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coincides with the order in which the FAME retention 
time in gas–liquid chromatography increases, because in 
these cases the interactions of FAME with FA and with 
the polar liquid phase of the chromatographic column 
are similar in nature [23].

With the progress of formation of epoxy compounds, 
the formic acid distribution ratio DFA linearly increases, 
but this trend is independent of the kind of FAME. 
For the system of formic acid (85% aqueous solution) 
and FAMEs with different degrees of epoxidation, the 
correlation has the form

   

(9)

The absolute terms of Eq. (9) correspond to the 
equilibrium distribution ratios of formic acid, DFA, in 
individual FAMEs from rapeseed (0.035), sunfl ower 
(0.04), and fl axseed (0.047) oils. 

Н2О2 extraction. The phase transfer of hydrogen 
peroxide occurs to a lesser extent. At the beginning 
of the process, its concentration in the organic phase 
increased, passed through a maximum, and decreased 
by the end of the reaction virtually to zero.

Such a trend in variation of the Н2О2 concentration 
corresponded to Н2О2 redistribution between the phases 
in the course of equilibrium formation of the peracid, 
followed by the Н2О2 consumption for the epoxidation. 
Using the analytical data for the aqueous phase, we 
calculated the Н2О2 distribution ratios in the course 
of the reaction. As we found, the numerical values of 
DH2O2 increased with the progress of the reaction and 
with an increase in the content of epoxy groups, i.e., 
the trend was the same as in extraction of formic acid. 
Additional experiments on the distribution of reaction 
components in the individual system of water with 
sunfl ower oil FAMEs have shown that the hydrogen 
peroxide distribution ratio DH2O2 linearly correlates 
with the concentration of epoxy groups in the organic 
phase (Fig. 4). The pattern is essentially the same as that 
observed in the course of epoxidation:

Н2О extraction. The third component of the aqueous 
reaction system is water. Water does not noticeably 
dissolve in FAMEs: The distribution ratio DH2O is as low 

as 5 × 10–5. However, it sharply increases as compounds 
with epoxy groups appear in the organic phase (Fig. 5).

Formation of stable low-polarity 1 : 1 and 1 : 2 adducts 
of epoxy groups with water has been well studied for 
propylene oxide as example [24]. Therefore, it is not 
surprising that the water distribution ratio in the system 
consisting of aqueous formic acid solution (~30 wt %) 
and sunfl ower oil FAME samples with different degrees 
of epoxidation is described by a quadratic function

(11)

The quadratic dependence of the water distribution 
ratio can formally suggest the formation of, e.g., adducts 
of two epoxy groups with one molecule of extracted 
water, which is certainly improbable. On the other hand, 

(10)

Fig. 3. Formic acid distribution ratio DFA as a function of the 
concentration of epoxy groups (epoxy) in FAME prepared 
from (1) rapeseed, (2) sunfl ower, and (3) fl axseed oils.

epoxy, M

DFA

Fig. 4. Variation of the distribution ratio DH2O2 in the course 
of epoxidation of sunfl ower oil FAME in relation to the 
concentration of epoxy groups (epoxy) in the organic phase.

epoxy, M

DH2O2
0.047
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the effect of formic acid whose concentration in the 
organic phase also increases owing to an increase in the 
content of epoxy groups should be taken into account. 
Formic acid in the organic phase can also act as extractant 
in reactive extraction of water into epoxidized FAMEs. 
In this case, there should be quadratic dependence of 
the water distribution ratio owing to the formation of 
ternary adducts of type formic acid–water–epoxy group.

The equilibrium phase distribution of formic acid un-
der steady-state conditions was not considered because 
of its high reactivity and methods used for studying the 
phases (the phase separation takes certain time). 

Discussion of the organic phase hydrophobicity. 
Mechanism of reactive extraction. Analysis of the 
physicochemical features of the two-phase epoxidation 
with performic acid formed in situ revealed two main 
causes of changes in the phase volumes, leading to 
comparable results of transfer of the aqueous phase 
components. Along with the transfer of peroxide 
oxygen from Н2О2 present in the aqueous phase into the 
organic phase, associated with the formation of epoxy 
groups in the organic phase, lyophobic components of 
the aqueous phase (formic acid, water, and hydrogen 
peroxide) undergo reactive extraction. Therefore, it is 
not surprising that the aqueous phase can completely 
disappear by the end of epoxidation if the initial ratio 
of the organic and aqueous phases is suffi ciently high. 
Apparently, the formed epoxy groups of FAME act as 
extractant. The correlation of the distribution ratios of 
formic acid [Eq. (9)], hydrogen peroxide [Eq. (10)], and 
water [Eq. (11)] with the amount of epoxy groups in the 

organic phase is associated with the formation of adducts 
of the extractant with the aqueous phase components: 
{FA : epоxy }, {H2O2 : epoxy}, {H2O : epoxy}, and 
{FA : H2O : epoxy}.

As shown by experimental methods [25], different 
adducts of formic acid monomers and dimers with 
several water molecules only slightly differ from each 
other in energy [26]. Usually the transfer of carboxylic 
acids from an aqueous phase into a hydrophobic medium 
is associated with the formation of low-polarity cyclic 
dimers [27] or stable spherical microsolvates of formic 
acid dimer with fi ve water molecules [28].

Dimers are relatively well solvated in a nonpolar 
medium [29], which leads to an increase in the formic 
acid distribution ratio in going to more concentrated 
solutions. However, in our case the idea of the role of 
the acid dimers in the extraction is true only in part. The 
FA distribution ratio sharply increases only at the FA 
concentration in the aqueous phase increased to more 
than 5 M.

Published data on the FA distribution ratios 
usually cover formic acid solutions of intermediate 
concentrations (3–10 M). It is noted that the distribution 
ratios are virtually independent of the acid concentration. 
For example, the DFA values for the extraction with 
soybean oil FAME [30] are in good agreement with the 
results of this work. The data from [30] are compared 
with our data in Fig. 6. As can be seen, the data fairly 
well coincide with each other, differing only in the 
range of dilute solutions ([HCOOH] < 2.0 M). At 
low FA concentrations, the distribution ratio starts to 
increase with the dilution of the acid solution, and the 
FA concentration interval ~3–10 M corresponds to a 
broad minimum of the dependence. The more dilute is 
the aqueous FA solution, the more effi cient is the FA 
extraction with FAME esters. The dilution effect is not 
due to changes of the solution acidity in the interval 
1.2 < рН <4.0 [31]. Apparently, complex concentration 
dependence of DFA is associated with the structure of 
different formic acid solvates.

Increased distribution ratio of formic acid in strongly 
diluted solutions is noted in many papers [20]. As the 
solution concentration is increased, DFA decreases, 
reaching a minimum in the above-noted range [32]. The 
explanation to this fact is quite simple. As the water 
amount in formic acid solutions is increased, the total 
number of low-polarity solvates (clusters) of formic 
acid with water of the composition from 1 : 1 to 1 : 5 

Fig. 5. Correlation between the water distribution ratio DH2O 
and concentration of epoxy groups (epoxy) in the organic 
phase (with sunfl ower oil FAME as example).

epoxy, M

DH2O



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  90  No.  1  2017

61SPECIFIC  PROCESS  FEATURES  OF  EPOXIDATION  

increases, or, e.g., stable spherical microsolvates of 
formic acid dimer with four or fi ve water molecules 
are formed [28]. An increase in the concentration of 
the clusters can favor their transfer into a low-polarity 
medium such as, e.g., epoxidized FAMEs. Both free 
hydroxy groups of the solvates and “acidic” H–C bond 
of formic acid are probably involved in the interaction 
of aqueous formic acid clusters with the epoxy group 
[33].

The formal mathematical description of the 
dependence shown in Fig. 6 qualitatively confi rms 
the suggested mechanism of changes in DFA. The left 
branch of the experimental points is described by the 
function DFA = α[H2O]4, and the right branch, by the 
function DFA = β[HСОOН]2, where α and β are equal to 
9 × 10–9 L4 mol–4 and 2 × 10–4 L2 mol–2, respectively, 
i.e., the formal polynomial dependences describe the 
variation of the concentrations of the corresponding 
water and formic acid clusters and are proportional to the 
corresponding distribution constants of these clusters.

As noted above, the phase distribution of performic 
acid was not considered, but there are good grounds to 
assume that the distribution ratio of formic acid also 
increases with the progress of the epoxy compound 
formation. This idea is refl ected in a patent concerning a 
procedure for vegetable oil epoxidation [15], in which it 
is suggested that the reaction product, the corresponding 
epoxide, be initially added to the reaction mixture to 
increase the extraction of performic acid formed in situ 
in the aqueous phase.

CONCLUSIONS

The above-considered relationships of the redistri-
bution of the reaction mixture components between the 
phases in epoxidation of fatty acid methyl esters of veg-
etable oil  with performic acid in situ confi rm the oc-
currence of the reactive extraction of the reactants and 
reaction products with the epoxy compounds formed. 
This fact should be taken into account in mathematical 
description of peracid epoxidation processes.
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